Introduction {#Sec1}
============

Acquired immunodeficiency syndrome (AIDS) is a deadly viral disease that dwells on human immune system has widely dispersed to 36.9 million people around the globe caused by a lentivirus popularly known by HIV (Human Immunodeficiency Virus)^[@CR1]^. HIV-1 and HIV-2 are two different strains of viral particles consist of similar kind of structure and symptoms, but the latter confined to Africa, whereas the former dispersed to the rest of the world. Highly active antiretroviral therapy (HAART) is the effective treatment for AIDS and recommended by WHO (World Health Organization). Henceforth, toxicity, high production cost, low availability and preferably drug-resistance are the notable factors for the failure rate of the treatment^[@CR2]^.

For example, Tenofovir is the most frequently used component for HAART recommended by WHO. Concurrently, it has been reported that Tenofovir affects human kidney due to its renal toxicity and causing Fanconi's syndrome, reduction in the glomerular filtration rate (eGFR) and acute kidney injury (AKI)^[@CR3]--[@CR6]^. Hence, less nephrotoxic drugs and simultaneously frequent monitoring of the kidney is preferable for HAART treatment in the Asian Scenario^[@CR7]^. Liu *et al*.^[@CR8]^ have reported complex HIV-1 drug resistant mutations in first-line HAART in China and suggested more varieties of drugs for the therapy with timely monitoring of the viral load. Gregson *et al*.^[@CR9]^ also reported drug resistance in the first-line HAART treatment using tenofovir in the low socio-economic people. This tends us to carry out a research work on the search for some novel anti-HIV therapeutics from the potent natural resources.

Ocean is an enormous source for novel bioactive metabolites which are highly effective and easily available. Marine bioproducts are in huge demand procuring many biological activities including antifungal, antimicrobial, antithrombotic, anti-inflammatory, anticoagulant and antiviral properties^[@CR10]^. Marine macroalgae or macroalgae are the wonderful gift of Mother Nature with wide range of pharmacological activities. Polysaccharides are the major component of macroalgae and may vary according to the classification of macroalgae such as Chlorophyta (Green algae), Rhodophyta (Red algae) and Phaeophyta (Brown algae). The sulfated polysaccharides have sulphate groups in their molecular structure, have attracted much attention in the field of pharmacology. Intriguingly, brown algae are recorded to accumulate high quantity of sulfated polysaccharides including laminarin, fucoidan and alginates which have anti-HIV activity with wide spectrum of action mechanism^[@CR11]^. Fucoidan consists of α-L-fucose residue as sole monosaccharide unit of a long chain homopolymer with sulfate groups.

The first most report on the antiviral activity of polysaccharide from seaweed was reported by Gerber *et al*.^[@CR12]^ in the year 1958, where, the seaweed extracts prevented the chick embryos from the infection of mumps and influenza B viruses. Potentially, effective antiviral property of sulfated polysaccharide from macroalgae was reported against human cytomegalovirus and HSV-1 and HSV-2 (Herpes Simplex Virus)^[@CR13]^. Since, due to heterogeneity in the structure of sulfated polysaccharide fucoidan, the exact biological reason for their inhibition of retroviral particles is not yet completely derived^[@CR14]^. However, the sulfated polysaccharide from macroalgae were reported to hamper the replication of retrovirus such as HIV, HSV, respiratory syncytial virus, cytomegalovirus and even dengue virus^[@CR15]--[@CR17]^.

It has been reported that the antiviral activity of fucoidan is due to their interaction with the enveloped viral particles or the receptor present on the surface of the host's cell membrane or may be with the viral enzymes. The sulfated polysaccharide is considered to be rarely tend to alterations by the antigenic drift of the viruses and do not express frequent site of drug-induced resistant mutation. The antiviral activity of sulfated polysaccharide is due to their binding with the HIV particle and hampering the early step of viral infection. The sulfate group may neutralize the positively charged amino acid on the viral envelope glyprotein (gp120) with a strong sulphation motif^[@CR18]^.

The sulfated polysaccharide is proven to inhibit HIV-1 and HIV-2 along with other enveloped viruses including Herpes Simplex Virus type-1, Influenza virus A and B, Measles virus and respiratory synctial virus. The sulfated polysaccharide inhibits the fusion of virus and the host cell and viral adsorption to the host cells^[@CR19]^. These virucidal agents have significant potential to inhibit HIV replication^[@CR20]^. The direct inhibition of HIV-1 replication by the sulfated polysaccharide tends to the availability of new generation potential antiviral drugs^[@CR21]^. Similarly, the sulfated polysaccharides are antiviral agents against wide spectrum human pathogenic retroviruses by inhibiting the viral replication without toxic effects on the host cells^[@CR22]^.

In our present investigation, the most commonly found brown macroalgae such as *Turbinaria decurrens* (TD) and *Dictyota bartayesiana* (DD) from the Mandapam Coastal region (Gulf of Mannar) of Rameswaram, Tamil Nadu, India were collected, and evaluated for their bioactive potential for anti-HIV activity.

Results {#Sec2}
=======

Collection of macroalgae {#Sec3}
------------------------

The marine macroalgae namely *Dictyota bartayesiana* (DD) and *Turbinaria decurrens* (TD) were collected during the month of December 2017 from the Mandapam Coastal region, Rameswaram, Tamil Nadu, India. The collected seaweed samples were washed with water to remove epiphytes, sand particles and dried under shade. The shade dried seaweed biomasses were grounded to fine powder and stored for the extraction of sulfated polysaccharide.

Extraction and partial purification of sulfated polysaccharide from macroalgae {#Sec4}
------------------------------------------------------------------------------

The shade dried biomasses of two brown macroalgae DD and TD were grounded to fine powder using a mortar and pestle for the extraction of sulfated polysaccharide. Figure [1](#Fig1){ref-type="fig"}, showing flow chart exemplifies the methods involved in the extraction and partial purification of crude sulfated polysaccharides. Fine powdered brown algae biomasses in which, DD looks grey ash in color whereas TD looks light brown in color.Figure 1The flow chart showing procedures carried out for the extraction and purification of crude Sulfated Polysaccharide from marine seaweeds (**a**) DD and (**b**) TD.

The sulfated polysaccharide extracted from brown algae DD and TD were partially purified by dialysis using a cellulose membrane (Fig. [1](#Fig1){ref-type="fig"}). Partially purified sulfated polysaccharide of two brown algae DD and TD were subjected to devoid of moisture content by freeze-thaw method to obtain fine powder and yield was calculated. Therefore, the total yield of partially purified sulfated polysaccharide content was 0.768 g and 2.292 g from DD and TD with percentage yield of 7.68% and 22.92% respectively. The crude sulfated polysaccharide was extracted from both the marine macroalgae, and the total sulfated polysaccharide content extracted in DD was comparatively lower when compared to TD.

Reverse phase - high performance liquid chromatography (RP-HPLC) analysis {#Sec5}
-------------------------------------------------------------------------

The predominant monosaccharide unit found in the sulfated polysaccharide fucoidan is fucose. Hence, in this present study fucose was employed as a standard for RP-HPLC analysis to determine fucoidan content in the two marine seaweed extracts. The standard fucose was purchased from Sigma-Aldrich and the crude sulfated polysaccharide extracts of the two brown algae were predigested with trifluoroacetic acid to hydrolyze fucoidan to yield fucose.

Based on the RP-HPLC analysis, the retention time (RT) for standard fucose was 1.56 (Fig. [2](#Fig2){ref-type="fig"}). Consequently, the RT for the predigested samples of *D. bartayesiana* and *T. decurrens* were 1.60 and 1.59 respectively (Figs [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}).Figure 2HPLC chromatogram of standard Fucose (Sigma-Aldrich) at RT -- 1.56.Figure 3HPLC chromatogram of predigested sulfated polysaccharide extract of *D. bartayesiana* showing Fucose at RT -- 1.60.Figure 4HPLC chromatogram of predigested sulfated polysaccharide extract of *T. decurrens* showing Fucose at RT -- 1.59.

Similarly, the concentration of fucose content found in the extracts of two brown algae were determined as 314 ng/µl and 956 ng/µl in *D. bartayesiana* and *T. decurrens* respectively (Fig. [5](#Fig5){ref-type="fig"}). It was distinctly clear that *T. decurrens* was rich in fucose content than *D. bartayesiana*.Figure 5Concentration of fucose present in the seaweed extracts of *D. bartayesiana* and *T. decurrens*.

From the overall HPLC results, it is very clear that the fucose content indirectly represents the presence of sulfated polysaccharide, fucoidan and the concentration was comparatively higher in the case of *T. decurrens* than *D. bartayesiana*. Unique peaks were obtained for fucose in both the samples and standard reveals that the higher amount of fucoidan was extracted in both the brown algae *D. bartayesiana* and *T. decurrens*.

Fourier transform infrared spectrometry (FT-IR) {#Sec6}
-----------------------------------------------

The occurrence of specific functional groups present in the chemical compounds could be analysed by FT-IR analysis. In this context, the results obtained from FT-IR have shown the occurrence of organic sulphates (R--O--SO~3~^−^) by the presence of down peaks at 1432 cm^−1^ and 1407 cm^−1^ in the crude sulfated polysaccharide of *D. bartayesiana* and 1429 cm^−1^ in *T. decurrens*. Consequently, the peaks at 1200 cm^−1^ and 1201 cm^−1^ in sulfated polysaccharide extracts of *D. bartayesiana* and *T. decurrens* represents the presence of sulphonate groups (R--SO~3~^−^) respectively. Specific peaks at 823 cm^−1^ and 799 cm^−1^ in *D. bartayesiana* and 835 cm^−1^ and 800 cm^−1^ in *T. decurrens* highlights the occurrence of C--O--S stretching of sulphate group in both the sulfated polysaccharide extracts (Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}) (Figs [6](#Fig6){ref-type="fig"} and [7](#Fig7){ref-type="fig"}) and other peaks represent the presence of carbohydrate functional groups.Table 1The FT-IR analysis results showing peaks at the respective wavelength and their respective functional groups of the sulfated polysaccharide extracted from *D. bartayesiana*.S. No.Frequency cm^−1^Functional groups12915C-H stretch22849C-H stretch31681C=O stretch carboxylic group41482C--C stretch51464C--H stretch6**1432Organic sulfates (R**--**O**--**SO**~**3**~^**−**^**)**7**1407Organic sulfates (R**--**O**--**SO**~**3**~^**−**^**)**8**1200Sulfonates (R**--**SO**~**3**~^**−**^**)**9**823C**--**O**--**S stretching of sulphate group**10**799C**--**O**--**S stretching of sulfate group**Table 2The FT-IR analysis results showing peaks at the respective wavelength and their respective functional groups of the sulfated polysaccharide extracted from *T. decurrens*.S. No.Frequency cm^−1^Functional groups12915C--H stretch22849C--H stretch31670C=O stretch carboxylic group41464C--H stretch5**1429Organic sulfates (R**--**O**--**SO**~**3**~^**−**^**)**6**1201Sulfonates (R**--**SO**~**3**~^**−**^**)**7**1133Sulfonates (R**--**SO**~**3**~^**−**^**)**8**1105Sulfonates (R**--**SO**~**3**~^**−**^**)**9**835C**--**O**--**S stretching of sulfate group**10**800C**--**O**--**S stretching of sulfate group**Figure 6The FT-IR spectrum of crude sulfated polysaccharide of *D. bartayesiana*.Figure 7The FT-IR spectrum of crude sulfated polysaccharide of *T. decurrens*.

Therefore, based on the results obtained from the RP-HPLC and FT-IR analysis, presence of fucose monosaccharide units and the occurrence of organic sulphate groups in the sulfated polysaccharide extracts of both the brown algae *D. bartayesiana* and *T. decurrens* are thereby confirmed. As a result, the sulfated polysaccharide extracted from both the macroalgae were thereby confirmed as fucoidan.

Ion exchange chromatography purification of sulfated polysaccharide {#Sec7}
-------------------------------------------------------------------

Among the different molar concentrations of NaCl elution, 2.4 M and 0.8 M concentrations of NaCl was found optimum to concentrate sulfated polysaccharide in *D. bartayesiana* and *T. decurrens* respectively (Table [3](#Tab3){ref-type="table"}) and was determined by both the estimation of carbohydrate and sulfate. The total carbohydrate and total sulfate content were 0.173 µg/ml and 0.020 µg/ml in *D. bartayesiana*. Similarly, in *T. decurrens* which were 0.380 µg/ml and 0.053 µg/ml respectively (Fig. [8](#Fig8){ref-type="fig"}). The total sulfated polysaccharide content was determined as 0.194 µg/ml and 0.433 µg/ml for *D. bartayesiana* and *T. decurrens* respectively (Fig. [8](#Fig8){ref-type="fig"}) and which were about 3.89% and 8.67% of the total biomass.Table 3The ion exchange purified elution from two different marine macroalgae rich in sulfated polysaccharide.S. No.Elution from Ion exchange purificationTotal carbohydrate (µg/5 ml)Total sulphate (µg/5 ml)Total sulfated polysaccharide (µg/5 ml)**1**.***D. bartayesiana*** **(2.4 M NaCl)**0.867960.106250.97421**2**.***T. decurrens*** **(0.8 M NaCl**1.904150.265022.16917Figure 8Total sulfated polysaccharide content in DD (*D. bartayesiana*) and TD (*T. decurrens*).

Anti-HIV activity of crude and purified sulfated polysaccharide extracts {#Sec8}
------------------------------------------------------------------------

From the results obtained by this assay, it is obviously clear that the inhibition of the HIV proliferation rate was directly proportional to the concentration of the test samples (crude sulfated polysaccharide) of brown algae DD and TD (Figs [9](#Fig9){ref-type="fig"} and [10](#Fig10){ref-type="fig"}). The maximum inhibitory activity of crude fucoidan of brown algae DD and TD against HIV were 90.5% and 89.7% at 5 mg/ml concentration respectively. The IC~50~ values measured were 1.56 µg/ml and 3 µg/ml for the crude sulfated polysaccharide extract of DD and TD respectively.Figure 9Anti-HIV activity of the crude sulfated polysaccharide extract of *D. bartayesiana* showing the maximum inhibition at its maximum concentration in a red arrow.Figure 10Anti-HIV activity of the crude sulfated polysaccharide extract of *T. decurrens* showing the maximum inhibition at its maximum concentration in a red arrow.

The anti-HIV study was again performed with the purified sulfated polysaccharide samples and the maximum inhibition percentage was found to be 92% and 89% with mean IC~50~ values 131.7 ng/ml and 57.6 ng/ml for TD and DD respectively. And thus, both the purified extracts of DD and TD were found to obtain highly active HIV-inhibitory activity (around 90% inhibitory activity) (Figs [11](#Fig11){ref-type="fig"} and [12](#Fig12){ref-type="fig"}).Figure 11Anti-HIV activity of purified sulfated polysaccharide of the brown alga DD showing the maximum inhibition at its maximum concentration shown in a red arrow.Figure 12Anti-HIV activity of purified sulfated polysaccharide of TD showing the maximum inhibition at its maximum concentration in a red arrow.

Discussion {#Sec9}
==========

Seaweed is one among the most valuable, abundant and cheap source of most diverse biologically active compounds. One intimate compound from the seaweed is sulfated polysaccharide which is found associated with the cell walls of the seaweed which gives toughness and flexibility^[@CR23]^. For example, fucoidan from brown algae (Phaeophyceae), Carrageenan from red algae (Rhodophyceae) and Ulvan from green algae (Chlorophyceae). These diverse sulfated polysaccharides from different algae have different properties due to their uniqueness with respect to their genus or even species levels. Particularly, this organic compound has allured much recognition among scientific researchers pharmaceutically, rather than food and cosmetic industries^[@CR24]^. Therefore, in our present study, two different macroalgae such as *Dictyota bartayesiana* (DD) and *Turbinaria decurrens* (TD) were collected from the Gulf of Mannar regions.

Due to the heterogeneity of different fucoidan structures from various seaweed sources, different extraction methods were exemplified by various reports^[@CR14]^. Hot water extraction method discussed by Mohamed and Agilli^[@CR25]^ was followed in our study. In which, crude polysaccharide extract was partially purified by dialysis and ion exchange chromatography. The crude sulfated polysaccharide extracted was 7.68% and 22.92% from DD and TD respectively, and which was high when compared with the study previously held by Dinesh *et al*.^[@CR26]^ from *Sargassum swartzii* (5.96%). Recently, many numbers of studies have been reported regarding the antitumor activity^[@CR27]^, anticoagulant activity^[@CR28]^, anti-inflammatory activity^[@CR29]^ and antiviral activity^[@CR13]^ of fucoidan from different brown algal extracts. Effective immunomodulatory activity of the sulfated polysaccharide fucoidan, have been recorded for anti-metastasis and anti-lymphangiogenesis^[@CR30],[@CR31]^.

Since, antiviral activity of sulfated polysaccharide from macroalgae have been illustrated in many scientific reports. For example, fucan, a complex structure of glucuronic acid and sulfated fucose units extracted from the seaweed *Cladosiphon okamuranus* exhibits anti-dengue activity on type 2 virus (DENV-2)^[@CR32]^ and other marine seaweed extracts inhibits HSV-1, HSV-2^[@CR33]--[@CR35]^. One common feature among these polysaccharides are, the presence of sulfate molecules attached to the sugar molecules. Hidari *et al*.^[@CR32]^ exemplified that sulphation of fucan, is the most needful for this antiretroviral activity. But, the reduction of carbohydrate molecules into monosaccharide also hampers antiviral property of the compound. Adding to this, sulfated xylomannans extracted from a red alga *Sebdenia polydactyla* inhibits the proliferation of HSV-1 *in vitro* in Vero cells, whereas the antiviral activity of the compound was lost when desulfated and retrieved its potent antiviral activity when over-sulfated^[@CR34]^.

The HAART involves reverse transcriptase inhibitors as the first-generation ARV drugs licensed and suggested by the WHO, whereas, emerging of drug resistant virulent strains and its side effects are the bottle neck issue^[@CR36]^. Wherefore, search for novel potent bioactive compounds from natural resources is the most needful research for antiretroviral therapy^[@CR37]^. Our study is also one of the solutions to this issue by evaluating the bioactivity of sulfated polysaccharide extracted from two different macroalgae DD and TD from the Gulf of Mannar region for its antiretroviral activity.

The FT-IR results confirmed the presence of sulfate content in the crude extracts of DD and TD by the occurrence of organic sulfate groups which coincides with the results reported previously by Sinha *et al*.^[@CR38]^. Similarly, the occurrence of fucoidan was hereby confirmed by RP-HPLC method with standard L-fucose as reference in both the crude SP extracts. From the purified crude extract, the total sulfated polysaccharide content was estimated as 3.89% and 8.67% with respect to DD and TD.

The fucoidan inhibits the infection of HIV to the host cell surface and hence effective in virucidal activity^[@CR34]^. However, *in vitro* inhibition of HIV through prevention of viral replication was reported from the sulfated polysaccharides extracted from two red macroalgae^[@CR21]^ at an IC~50~ value of 12.5 µg/mL and HSV-1 at 4.1 µg/mL and 17.2 µg/mL. Concurrently, the crude fucoidan extracts from DD and TD in this present study were subjected to the evaluation of anti-HIV activity and found inhibiting the propagation of HIV at an IC~50~ value of 1.56 µg/ml and 3 µg/ml respectively. Similarly, the average anti-HIV and IC~50~ value of three brown seaweed extracts including *Sargassum polycystum*, *S. mcclurei* and *Turbinaria ornata* were between 0.33 and 0.7 μg/ml^[@CR18]^, which is low when compared with the present study.

Thuy *et al*.^[@CR18]^ also concluded that the fucoidan was effective when pre-incubated with the virus rather incubated with the host cells and was ineffective after infection. However, the anti-HIV and IC~50~ value of sulfated polysaccharide extracts from macroalgae *E. arborea* and *S. filiformis* resp. were 0.275 𝜇g/ml and 0.985 𝜇g/ml^[@CR39]^. Comparatively, Prokofjeva *et al*.^[@CR40]^ suggested that high molecular weight fucoidans from *Saccharina cichorioides* and *S. japonica* were the most effective retroviral inhibitors. As a result, all the natural source of fucoidans are considered to be a potent anti-HIV compounds with irrespective of their sugar backbone and degree of sulfation even at very low concentrations from 0.001--0.05 μg/ml. Therefore, the IC~50~ value of the purified fucoidan extracts of TD and DD from our present investigation were 131.7 ng/ml and 57.6 ng/ml and inhibits about 92% and 89% at maximum concentration with highly active HIV-inhibitory activity.

Methods {#Sec10}
=======

Collection of macroalgae {#Sec11}
------------------------

Diversely, macroalgae rich, Mandapam Coastal region (East Coast) from Rameswaram, Tamil Nadu, India was chosen for the collection of macroalgae samples to carry out our present study. Brown macroalgae was given importance due to the bioavailability of sulfated polysaccharide, and hence two different macroalgae *Turbinaria decurrens J.V.Lamouroux* (TD) and *Dictyota bartayesiana Bory* (DD) belonging to the family Phaeophyceae were collected from the above-mentioned site.

Extraction and partial purification of sulfated polysaccharide from macroalgae {#Sec12}
------------------------------------------------------------------------------

The extraction of sulfated polysaccharide (SP) from the two different macroalgae (TD and DD) was carried out based on the hot water extraction method described by Mohamed and Agilli^[@CR25]^. About 10 g of finely grounded seaweed biomasses were taken individually for depigmentation using petroleum ether and incubated overnight, followed by acetone in the second phase. The depigmented and air-dried residual seaweed powders were subjected to acid treatment with 0.1 M HCl at room temperature under constant stirring for 1 hour and kept for overnight incubation, followed by alkali treatment with 2% Na~2~CO~3~ at 90 °C for 2 hours.

The residual contents were subjected to hot water extraction at 90 °C for 2 hours and repeated twice. After hot water extraction, the whole content was filtered through Whatman No.1 filter paper. The filtrate was then treated with 1 g of CTAB (Cetyltrimethyl ammonium bromide) for 15 min., the obtained precipitate was filtered through Whatman No.1 filter paper, washed twice with Milli-Q water and followed by the treatment with 20% ethanolic potassium iodide (KI) (20 g of KI in 80 ml of water in 20 ml of ethanol) for 30 min. The resultant precipitate was again washed twice with Milli-Q water and stored in a refrigerator at 4 °C. Then, the obtained crude sulfated polysaccharide extracts from both the macroalgae were partially purified by dialysis using Dialysis membrane-70 from HiMedia against Milli-Q water at 15 °C for two days. Then the residual contents were subjected to drying by freeze-thaw method intermittently to obtain dry powder, weighed and stored for further processes.

Reverse phase - high performance liquid chromatography (RP-HPLC) analysis {#Sec13}
-------------------------------------------------------------------------

Prior to RP-HPLC analysis, the crude sulfated polysaccharide extracts were hydrolyzed with trifluoroacetic acid (TFA). About 10 mg of crude sulfated polysaccharide extracts of both the macroalgae were predigested with 2 ml of 2 M TFA at 121 °C for 1 hour. Then after hydrolysis, the reaction medium was dried with vacuum concentrator and dissolved using distilled water. Then the resultant solutions were neutralized at pH 7.0 with 1 N NaOH^[@CR41]^.

The conditions for RP-HPLC are HPLC pump with C18 column, Water 2489 UV/Vis -- 274 nm detector, HPLC grade water as mobile phase at flow rate of 0.6 ml/min. with injection volume of 1 ml. The concentration of samples were 1 µg/µl and same for standard L-Fucose obtained from Sigma-Aldrich.

Fourier transform infrared spectrometry (FT-IR) {#Sec14}
-----------------------------------------------

About 1 mg of each crude sulfated polysaccharide extracts were mixed with 100 mg of potassium bromide (KBr) in a mortar and pestle separately and placed in a pellet die to compress up to 10,000 psi. Then, the obtained pellet was placed in the FT-IR sample holder for analysis. The samples were analyzed by FT-IR spectrometer in a frequency range between 600 and 4000 cm^−1^.

Ion exchange purification of sulfated polysaccharide {#Sec15}
----------------------------------------------------

The crude sulfated polysaccharide extracts of both the brown algae were further purified using anion exchange chromatography (DEAE (Diethylaminoethyl cellulose) Sepharose from Sigma-Aldrich, 15 × 2.5 cm column). The samples were eluted with 5 ml of different molar concentrations of NaCl ranging from 0 to 3.6 M with 0.4 M interval in 50 mM sodium acetate buffer with pH 5.0. Each fraction was collected, dialyzed (Dialysis membrane-70, HiMedia) against Milli-Q water to free the fractions from NaCl and conserved for further processes.

Determination of carbohydrate and sulfate content {#Sec16}
-------------------------------------------------

The total carbohydrate and sulfate content were determined in all the fractions after ion exchange purification based on the Phenol sulphuric acid method^[@CR42]^ and sodium rhodizonate method^[@CR43]^ respectively.

Anti-HIV activity of crude and purified sulfated polysaccharide extract {#Sec17}
-----------------------------------------------------------------------

For the determination of anti-HIV activity of crude and purified sulfated polysaccharide extract, HIV-1 (Clade C strain) was obtained from the National Aids Research Institute (NARI, Pune, India) and incubated on human PBMC (Peripheral blood mononuclear cells) as described by Jackson *et al*.^[@CR44]^. HIV Gag p24 assay was performed on blasted PBMC for the determination of anti-HIV activity of the test compound^[@CR45]^. All the assays were performed in the biosafety level 2^+^ (BSL). The test compounds and a positive control (Nonoxynol-9) were treated in a series of concentrations with 15 pg of HIV-1 virus and incubated for 1 hour at 37 °C. Then after incubation, blasted PBMC cells (0.3 × 10^6^ concentrations) was added and incubated for 37 °C for 2 hours. The cells were washed and re-suspended in 2% RPMI (Rosewell Park Memorial Institute) medium and further incubated for 5 days at 37 °C.

Three different groups were segregated namely the drug-positive control group (Nonoxynol-9), drug-negative control group (treated with distilled water) and a test compound group. After five days of incubation, the supernatants were collected and analyzed for anti-HIV activity by HIV Gag p24 protein concentration using ELISA (Enzyme-linked immune sorbent assay) plate assay^[@CR46]^. The absorbance values were measured at 450 nm by ELISA plate reader, inhibitory concentrations values were determined for the respective concentrations of the test compound and the results were interpreted.

Conclusion {#Sec18}
==========

Drug resistance and toxicity are the associated issues with HAART while treating HIV in patients. Hence, search for a novel and potent natural source is an audible solution for this major issue in the upcoming decades. As a result, from our present study, fucoidan is one among the potent natural sulfated polysaccharide extracted from two different macroalgae *Dictyota bartayesiana* (DD) and *Turbinaria decurrens* (TD) and evaluated for its anti-HIV activity. Fucoidan was extracted based on hot water extraction method and further confirmed based on FT-IR and RP-HPLC methods. Both the crude fucoidan and purified fucoidan samples were evaluated for anti-HIV activity after ion exchange chromatography purification. The maximum inhibitory activity of crude and purified fucoidan samples are 90.5% and 89% in the fucoidan extracts of DD. Whereas, it was 89.7% and 92% in the fucoidan extracts of TD. Simultaneously, the IC~50~ values were determined and recorded as 1.56 µg/ml and 57.6 ng/ml in both the crude and purified fucoidan extracts of DD respectively. Similarly, for TD, it was 3 µg/ml and 131.7 ng/ml in the fucoidan extracts of TD. Furthermore, extensive research work is essential for developing this bioactive compound for the clinical treatment of HIV in patients.
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